Proliferation of nontransformed cells is regulated by cellcell contacts, which are referred to as contact-inhibition. Despite its generally accepted importance for cell cycle control, knowledge about the intracellular signalling pathways involved in contact inhibition is scarce. In the present work we show that p38a mitogen-activated protein kinase (MAPK) is involved in the growth-inhibitory signalling cascade of contact inhibition in fibroblasts. p38a activity is increased in confluent cultures of human fibroblasts compared to proliferating cultures. Time course studies show a sustained activation of p38a in response to cell-cell contacts in contrast to a transient activation after serum stimulation. The induction of contact inhibition by addition of glutaraldehyde-fixed cells is impaired by pharmacological inhibition of p38 as well as in p38aÀ/À fibroblasts. Further evidence for a central role of p38a in contact inhibition comes from the observation that p38aÀ/À fibroblasts show a higher saturation density compared to wild-type (wt) fibroblasts, which is reversed by reconstituted expression of p38a. In agreement with a defect in contact inhibition, p27 Kip1 accumulation is impaired in p38aÀ/À fibroblasts compared to wt fibroblasts. Hence, our work shows a new role for p38a in contact inhibition and provides a mechanistic basis for the recently proposed tumour suppressive function of this MAPK pathway.
Proliferation of nontransformed cells is controlled by mitogenic and antimitogenic signals. The receptors and downstream effectors of proliferative stimuli exerted by growth factors or growth hormones have extensively been studied during the last decades. It is generally accepted that important antiproliferative signals are mediated by cell-cell contacts, a cellular mechanism which is referred to as contact inhibition (Eagle and Levine, 1967) . Contact inhibition plays a fundamental role in regulating homeostasis in vitro and in vivo. For example, nontransformed cells are arrested in G1 phase in vitro at a critical cell density forming a confluent monolayer. In contrast, transformed cells are characterized by the loss of contact inhibition (Abercrombie, 1979) manifested by a higher saturation density and the emergence of multilayered foci. Despite its importance for cell cycle control, knowledge about the intracellular signalling cascade mediating contact inhibition is still scarce.
In FH109 human embryonal fibroblasts (Wieser et al., 1985) , contact inhibition is exclusively mediated by the interaction of two cell membrane proteins on adjacent cells, that is, by the glycoprotein contactinhibin (Wieser et al., 1990 ) which binds to its receptor referred to as contactinhibin-receptor (Gradl et al., 1995) . Antiproliferative signals from the engaged receptor then lead to G1 arrest by increased association of the tumour suppressor p16
Ink4 with Cdk4 (Wieser et al., 1999) and by increased association of p27 kip1 with the Cdk2/cyclin E complex (Dietrich et al., 1997) . As a consequence, the retinoblastoma gene product (pRB) remains in the hypophosphorylated state thus inhibiting progression into S phase (Polyak et al., 1994; Dietrich et al., 1997; Wieser et al., 1999) . Furthermore, the activation and nuclear translocation of PKCd is involved in contact inhibition in human and murine fibroblasts (Heit et al., 2001 ).
Several reports have described a correlation between p38 mitogen-activated protein kinase (MAPK) activation and cell cycle arrest either in response to environmental stress, during senescence or by ectopic expression of p38 MAPK upstream activators (Wang and Ron, 1996; Molnar et al., 1997; Ellinger-Ziegelbauer et al., 1999; Haq et al., 2002; Wang et al., 2002) . However, there is little direct evidence for a physiological role of p38 MAPK in cell cycle control in mammalian cells (for a review see Ambrosino and Nebreda, 2001) . Like all MAPKs, p38 MAPK is activated by dual phosphorylation at conserved threonine and tyrosine residues mediated by MKK3 or MKK6, which themselves are activated by MKK kinases. Four different p38 family members have been identified so far, with p38a being the major isoform in fibroblasts (for reviews see Nebreda and Porras, 2000; Ono and Han, 2000; Shi and Gaestel, 2002) .
To gain more insight into the intracellular signalling cascade mediating contact inhibition, we investigated if p38 MAPK is involved in contact inhibition in fibroblasts. We first analysed if p38 activity was enhanced in confluent, G1-arrested FH109 fibroblasts compared to exponentially proliferating cultures. Cells were seeded either sparsely or to confluence, which induces G1 arrest, and cultured for 24 h (Dietrich et al., 1997) . As a positive control for p38 phosphorylation, serum-starved cells were stimulated for 30 min with 10% fetal calf serum (FCS) or anisomycin (10 mg/ml), a translation inhibitor widely used as a potent inducer of p38 activity. Total cell extracts were prepared and subjected to Western blot analysis to monitor p38 phosphorylation. The blots were stripped and reprobed with pan-anti-p38-antibody to control equal loading. Figure 1a clearly shows that p38 phosphorylation is increased in confluent, G1-arrested cultures compared to proliferating cultures. The single band detected by the pan-anti-p38-antibody was shown to represent p38a since it was only detected by an anti-p38a antibody, but not p38b, p38d, or p38g specific antibodies (data not shown). RT-PCR to analyse mRNA expression of different p38 isoforms revealed a strong expression of p38a, almost undetectable levels of p38b and weak expression of p38d and p38g (data not shown). In addition to phosphorylation, we measured kinase activity and found that p38a activity was also enhanced about twofold in confluent cultures compared to proliferating cultures (Figure 1b) . Serum-stimulated and anisomycin-treated cultures served as positive controls.
Our data showed that p38a phosphorylation and activity was elevated in confluent, G1-arrested FH109 cells. Time course studies revealed that the increase in p38a phosphorylation was already maximal at 2 h after adherence to the culture dish and lasted for at least 24 h (Figure 2a ), indicating a sustained activation of p38a in confluent cultures. The activation of p38a correlated with induction of G1 arrest, as demonstrated by the appearance of the hypophosphorylated species of pRB, which inhibit entry into S phase ( Figure 2b ).
To show that p38a is indeed persistently activated in response to cell-cell contacts, we made use of an established cell culture model to study contact inhibition (Wieser et al., 1985 (Wieser et al., , 1999 Wieser and Oesch, 1986; Nakatsuji and Miller, 1998; ; Heit et al., 2001) . A contact-inhibition-like state was initiated by the addition of glutaraldehyde-fixed FH109 cells derived from confluent cultures to sparsely seeded fibroblasts. In confluent but not proliferating cultures, contactinhibin is active (Wieser et al., 1990 (Wieser et al., , 1999 . Since the growth inhibitory activity of contactinhibin is exclusively mediated by N-glycans, it is not affected by the fixation process. In previous studies we have demonstrated that this system mimics cell cycle arrest and differentiation, which occur in confluent cultures (Wieser et al., 1985 (Wieser et al., , 1999 Wieser and Oesch, 1986; Heit et al., 2001) . This system enables us to specifically investigate signalling events induced by cell-cell contacts, which are different from those induced after serum starvation (Dietrich et al., 1997) and, furthermore, to perform time course studies of cell-cell contact-dependent signalling. FH109 cells were sparsely seeded and serum starved to achieve partial synchronization in the G1 phase of the cell cycle ( Figure 2c ). Cells were either stimulated with FCS or exposed to glutaraldehyde-fixed cells plus FCS to imitate contact inhibition. DNA synthesis was measured and total cells extracts prepared at various time points. While FCS stimulation led to a 4-5-fold induction of DNA synthesis, this was reduced to 1.3-fold by simultaneous addition of glutaraldehyde-fixed cells and FCS (Figure 2d ), which correlated with the reduction of DNA synthesis achieved by seeding the cells to confluence (Heit et al., 2001) . Western blot analysis revealed that serum stimulation resulted in transient phosphorylation of p38a whereas imitating contact inhibition by the addition of glutaraldehyde-fixed cells (from confluent cultures) led to the sustained activation (Wieser et al, 1985; Dietrich et al., 1997) were routinely cultured in DMEM, supplemented with 10% FCS, penicillin and streptomycin (each 100 U/ml). Cells were either sparsely seeded (proliferating) or to confluence in the presence of 10% FCS and cultured for 24 h. For positive controls, serum-deprived (0.5% FCS) cells were stimulated for 30 min with either 10% FCS or anisomycin (10 mg/ml). Total cell extracts were prepared by lysing the cells in hot Laemmli sample buffer (Laemmli, 1970) and protein concentration was determined according to Smith et al. (1985) . In all, 50 mg protein/ lane were subjected to SDS-PAGE (10%) followed by Western blot analysis with a phospho-specific (T180/Y182)-anti-p38 antibody (1 : 1000, Cell Signalling) according to the manufacturer's instructions. The blots were stripped and reprobed with anti-panp38 antibody (1 : 1000, Cell Signalling) to control equal loading. (b) Enhanced kinase activity of p38a in confluent, G1-arrested cells. Cells were seeded and treated as described in (a). Activity of p38a was measured after immunoprecipitation with a monoclonal antiphospho-p38 antibody using an ATF-2 fusion protein as substrate according to the manufacturer's instructions (Cell Signalling). Phosphorylation was visualized after SDS-PAGE and Western blotting by an anti-phospho-ATF-2 antibody according to the manufacturer's instructions (Cell Signalling). Quantification was performed with NIH Image (version 1.61). One representative experiment is shown out of three, each leading to similar results
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D Faust et al of p38a for at least 24 h (Figure 2e ). No increase in p38a phosphorylation was detected after addition of glutaraldehyde-fixed cells derived from proliferating cultures (data not shown).
To investigate whether p38a was required for contact inhibition, we used the p38a and p38b inhibitor SB203580 (Cuenda et al., 1995; Cohen, 1997) . In the presence of SB203580 (10 mM), the inhibition of DNA synthesis induced by glutaraldehyde-fixed cells was reduced from 70 to 33% indicating that p38a activity is required for contact inhibition (Figure 3a) . These data were confirmed by using immortalized mouse embryonic fibroblasts (MEFs) derived from p38aÀ/À mice and their wild-type (wt) littermates. As shown in Figure 3b , addition of glutaraldehyde-fixed cells to wt fibroblasts induced a similar decrease in DNA-synthesis (5078.8%) as described for FH109 cells. Interestingly and in line with the results obtained with SB203580, fixed cells from confluent cultures were much less efficient at inhibiting DNA synthesis in p38aÀ/À fibroblasts (Figure 3b ), supporting the conclusion that p38a is required for contact inhibition.
To provide direct evidence for a pivotal role of p38a in contact inhibition, we compared the growth curves of immortalized wt and p38aÀ/À MEFs. Both cell lines ) to imitate contact inhibition. For the fixation process, confluent FH109 cultures were trypsinized, washed and fixed by dropwise addition of glutaraldehyde according to Oesch et al. (1987) . At 20 h after addition of 10% FCS or glutaraldehyde-fixed cells plus 10% FCS, DNA synthesis was determined by measurement of [ 3 H]thymidine incorporation into DNA after labelling with 9.25 kBq/well of [ 3 H]thymidine for another 4 h. Incorporated radioactivity was determined by liquid scintillation spectometry as described (Dietrich et al., 1996) . Results are expressed as x-fold induction compared to serum-starved control values and given as means7s.e.m. (n ¼ 4-5). (e) Sustained p38a phosphorylation after imitating contact inhibition by the addition of glutaraldehyde-fixed cells. FH109 cells were seeded and treated as described in (d). Cells were lysed in hot Laemmli sample buffer at the indicated time points. Western blot analysis was performed as described in Figure 1 Requirement of p38a MAPK for contact inhibition D Faust et al exhibited a similar growth rate, but p38aÀ/À fibroblasts showed an almost two-fold higher saturation density compared to wt fibroblasts (Figure 4a and b) . This effect was reversed by reconstituted expression of p38a (Figure 4c ), arguing against a possible nonspecific effect derived from the immortalization of p38aÀ/À fibroblasts. Furthermore, primary p38aÀ/À MEFs also showed higher saturation densities than wt MEFs (Figure 4d) . Interestingly, although p38aÀ/À MEFs displayed a twofold higher saturation density they did not form spontaneous foci, indicating that contact inhibition was impaired but not totally absent in p38aÀ/À fibroblasts. In line with this idea, pRB dephosphorylation was also delayed in p38aÀ/À fibroblasts (Figure 4e ). pRB can be phosphorylated by Cdk4/cyclin D and Cdk2/cyclin E and several authors have demonstrated the p38 MAPK-mediated downregulation of cyclin D1 (Lavoie et al., 1996; Conrad et al., 1999; EllingerZiegelbauer et al., 1999; Casanovas et al., 2000) . The fact that cyclin D1 is not decreased in contact inhibited FH109 cells (Dietrich et al., 1997) argues against cyclin D1 as a main downstream target of p38a in contact inhibition. Since p27
Kip1 is known to be upregulated in confluent cells (Figure 4e ; Polyak et al., 1994; Dietrich et al., 1997) we analysed a potential link between p38a activation and p27
Kip1 accumulation. Indeed, p27
Kip1 accumulation was delayed and partially impaired in p38aÀ/À fibroblasts (Figure 4e) . A similar effect on p27 Kip1 accumulation was detected in confluent FH109 cells treated with SB203580 (Supplementary figure) .
Binding of p27
Kip1 is known to inhibit Cdk2 phosphorylation at Thr160, which results in reduced Cdk2 kinase activity. Active Cdk2, which is phosphorylated at Thr160 and dephosphorylated at Thr14 and Tyr15, is identified as a faster migrating 33 kDa form (Dulic et al., 1992; Dietrich et al., 1997) . As expected, p27
Kip1 accumulation at increasing cell densities correlated with the disappearance of the 33 kDa active form of Cdk2 from wt cells (Figure 4e) . Interestingly, the loss of active Cdk2 was slower in p38aÀ/À than in wt fibroblasts, in good correlation with the reduced accumulation of p27
Kip1 in p38aÀ/À cells ( Figure 4e ). Taken together, the results support a role for p27
Kip1 as a likely new target of p38a signalling in contact inhibition.
Our results provide several lines of evidence indicating that a switch from transient to a prolonged activation of p38a induces G1 arrest in contact-inhibited cultures: (i) p38a activity is enhanced in confluent, G1-arrested cultures compared to proliferating cultures, (ii) p38a phosphorylation is sustained in confluent cultures correlating with dephosphorylation of pRB, (iii) p38a phosphorylation is transient after serum stimulation ) and allowed to proliferate until absorbance stabilization. (d) Three different sets of wt and p38aÀ/À primary MEFs (P4 or less) were seeded in quatriplicates at 1500 cells/well in 96-well plates and proliferation determined as in (a). The confluency cell densities achieved by all three p38aÀ/À MEF lines were significantly higher than those of the wt MEFs. (e) Wt and p38aÀ/À MEFs were seeded as described in (c) and total cell extracts were prepared at the indicated times. Cell extracts derived from wt and p38aÀ/À MEFs were loaded onto the same gel, blotted onto the same membrane and exposed to the same film during subsequent ECL detection to guarantee for identical exposure times. Western blot analysis was performed with antipRB (1 : 1000, Cell Signalling), anti-p27
Kip1 or anti-Cdk2 antibodies (each 1 : 1000, Santa Cruz) according to the manufacturer's instructions. The blot was stripped and rehybridized with anti-ERK2-antibody (1 : 2000, Santa Cruz) to control equal loading. pRB* indicates hyperphosphorylated pRB; Cdk2* indicates active Cdk2 phosphorylated at Thr160
Requirement of p38a MAPK for contact inhibition D Faust et al which leads to an induction of DNA synthesis, whereas simultaneous addition of glutaraldehyde-fixed cells and serum results in a sustained p38a phosphorylation and strong inhibition of serum-induced DNA synthesis. The sustained activation of p38a may be the result of increased activity of upstream kinases or decreased activity of downstream phosphatases. Interestingly, we detected downregulation of a dual-specificity phosphatase with substrate preference for the MAPK family in confluent mouse fibroblasts using high-density microarray analysis (manuscript in preparation), which would give a plausible explanation for the sustained activation of p38a in contact-inhibited cultures. The precise role of phosphatases in p38a activation during contact inhibition is currently being investigated.
Constitutive activation of p38 MAPKs due to the depletion of the WIP1 phosphatase results in resistance to malignant transformation in vivo, indicating that p38 MAPKs may inhibit tumour formation (Bulavin et al., 2002 (Bulavin et al., , 2004 . In the present work, we describe a hitherto unknown role of p38a MAPK in contact inhibition. This novel physiological function of p38a in cell cycle control provides further mechanistic support for the idea that p38a may act as a suppressor of tumourigenesis.
